ABSTRACT
INTRODUCTION
The Eastern Cordillera of NW Argentina represents the topographic front of the Andean orogenic system and is characterized today by high-elevation, high-relief ranges and intervening sedimentary basins (Fig. 1) . The Eastern Cordillera has been the site of deformation and exhumation since at least the Miocene (Coutand et al., 2001 Deeken et al., 2006; Carrapa et al., 2011a) . Eastward propagation of the deformation through the region in the late Cenozoic was responsible for disruption of the regional foreland basin system. Cretaceous extension associated with the Salta Rift (Salfi ty and Marquillas, 1994) has affected Cenozoic deformation, resulting in strong variability in the orientation of contractional structures (Carrera et al., 2006; Carrera and Muñoz, 2008) . A regional foreland basin was pervasive throughout the study area from the Paleogene to the early Miocene, and it appears that the deepest depocenters during Cretaceous rifting (i.e., hanging-wall basins) (Carrera et al., 2006) were later deeply incised in the late Miocene-Pliocene during propagation of deformation through the region (Carrapa et al., 2011b) (Figs. 2 and 3) .
Whether or not deformation propagates forelandward in a regular manner or if it is erratic (Carrapa et al., 2011a; Iaffa et al., 2011; Hain et al., 2011) , possibly due to the effect of inherited structures, is a topic of current debate. In order to address these issues, it is important to understand the timing and magnitude of exhumation of different areas within the Eastern Cordillera and their relations to different mechanisms of deformation and tectonic settings. Reactivation of Mesozoic normal faulting during Cenozoic Andean deformation has been shown to play an important role in the structural and exhumation history, not only in the Eastern Cordillera of NW Argentina (e.g., Löbens et al., 2013) , but in other parts of the Andes such as Colombia (Mora et al., 2006) .
The goal of this study is to constrain the timing and magnitude of exhumation in an area affected by Cretaceous rifting and Cenozoic reactivation in order to better understand the effects of inherited rift structures, paleotopography, and lithologic erodibility on exhumation. We here apply apatite fi ssion-track (AFT) and (U-Th- [Sm] )/He (apatite He) thermochronology to (1) Precambrian crystalline basement rock samples from the ~5000 m Laguna Brava range at the northern end of the Sierra de Quilmes, (2) Precambrian-Early Cambrian basement (Hongn and Seggiaro, 2001; Pearson et al., 2012) samples from the ~6200 m 
(1)
Angastaco Angastaco Basin Basin Nevado de Cachi within the Eastern Cordillera, and (3) the ~4100 m La Quebrada Range at the transition between the Sierras Pampeanas and the Eastern Cordillera (Fig. 1 ). In addition, apatite He thermochronology has been applied to the Cerro Negro range at the southern end of the Puna margin at the transition with the Sierra Pampeanas, for which AFT data already exist (Fig. 1 ). This study, together with existing data Sobel and Strecker, 2003; Strecker et al., 2007; Carrapa et al., 2011a) , shows a complex picture of exhumation for the Eastern Cordillera. AFT ages record a widespread, large-magnitude Miocene cooling event between ~25°S and 27°S (e.g., Deeken et al., 2006; Coutand et al., 2006) related to eastward migration of the deformation front and foreland basin system (Carrapa et al., 2011a) . However, at the transition between the Eastern Cordillera and Sierras Pampeanas, the Sierra de Quilmes, including the Laguna Brava, (Fig. 1B) , and the Cumbres Calchaquies preserve Cretaceous and older AFT ages (Sobel and Strecker, 2003; Mortimer et al., 2007; Löbens et al., 2013) . Just to the SE of these ranges, the Sierra de Aconquija (Fig. 1 ) records a mix of late Miocene and Cretaceous ages (Sobel and Strecker, 2003; Coughlin et al., 1998) . Thermochronological ages from the Sierras Pampeanas farther to the south are Miocene and older (Coughlin et al., 1998; Carrapa et al., 2006) . The presence of Cenozoic and Cretaceous ages at the surface today in the Eastern Cordillera indicates differential exhumation. Areas with Cretaceous ages generally indicate a lower magnitude of exhumation with respect to adjacent areas of the Eastern Cor dillera, which mainly record Cenozoic AFT ages .
GEOLOGICAL SETTING
The Eastern Cordillera of the Central Andes forms a >2000-km-long, high-elevation and high-relief fold-and-thrust belt, which results from Cenozoic Andean deformation. The region experienced rifting during the formation of the Cretaceous Salta Rift (Salfi ty and Marquillas, 1994; Kley and Monaldi, 2002; Kley et al., 2005; Marquillas et al., 2005) . Rift-related deposits of the Salta Group (Fig. 1C) (Figs. 2 and 3) . Synorogenic strata related to a regional foreland basin system and later intermontane deposition were deposited between ca. 60 Ma and 2.3 Ma in the region (Figs. 1C, 2, and 3) . Following rifting, Cenozoic shortening related to the retro-arc fold-and-thrust belt development was responsible for reactivation of rift-related structures (Carrera et al., 2006; Carrera and Muñoz, 2008) . The contact between rift-related strata and foreland basin strata is conformable in places ( Fig.  2A) . However, where paleotopographic highs are present, such as at the northern end of the Sierra de Quilmes, this contact is tectonic (Fig.  2C ) and represented by a reverse fault (reactivated normal fault) putting basement on top of early foreland basin deposits (Laguna Brava; Fig. 2 ). Evidence of growth strata at this locality has been described in detail by Carrera and Muñoz (2008) .
The foreland basin system migrated eastward from what is today the Puna Plateau interior at ca. 38 Ma (Carrapa and DeCelles, 2008) to the Eastern Cordillera by ca. 21 Ma as documented by AFT and apatite He thermochronology, structural geology, and sedimentary basin analysis Coutand et al., 2006; Carrapa et al., 2011a Carrapa et al., , 2011b DeCelles et al., 2011) . In particular, high-elevation and high-relief ranges such as the Nevado de Cachi and the Valle de Luracatao (VL; Fig. 1 ) record Miocene AFT ages (ca. 21-15 Ma; this study; Deeken et al., 2006) . A general eastward younging of apatite He ages, between ca. 14 and ca. 3 Ma, from exhumed rift and foreland basin deposits within the Calchaquíes and Lerma Valleys (Fig. 2) is consistent with eastward propagation samples from K and Cenozoic basin fills giving Mio-Pliocene ages (Carrapa et al., 2011a) of the deformation front between ca. 21 and ca. 3 Ma at ~25°S (Carrapa et al., 2011a) . Despite this regional Cenozoic trend, pre-Cenozoic ages are preserved within the plateau interior (e.g., Sierra de Macon; Deeken et al., 2006) and the Eastern Cordillera Mortimer et al., 2007) , documenting highly variable exhumation within the plateau and along its margin. In particular, at ~27°S, the Sierra de Quilmes and Cumbres de Calchaquíes ( Fig. 1 ) record Paleozoic and Mesozoic ages (Sobel and Strecker, 2003; Löbens et al., 2013) . Thermal modeling of AFT ages, and basin analysis of the El Cajon basin fi ll suggest that these ranges were paleorift fl anks during the Cretaceous (ca. 75 Ma), were later buried during early Cenozoic foreland basin development, and were subsequently exhumed in the Miocene-Pliocene, providing clastic material to the El Cajon and Santa Maria Basins (Sobel and Strecker, 2003; Mortimer et al., 2007) . Farther to the south, the Sierras Pampeanas mainly preserves a variety of Cenozoic and pre-Cenozoic ages. Detrital AFT ages from the Fiambalá Basin fi ll at ~28°S record a strong mid-Miocene signal, which is interpreted to represent erosion of the Precor dillera to the west, the southern Puna margin to the north, and Sierras Pampeanas ranges to the east, as supported by in situ thermochronological ages from the same source rocks . Farther south, in the Sierra Pampeanas, between 29°S and 31°S, AFT ages are mainly Mesozoic and Paleozoic, indicating limited Cenozoic exhumation (Coughlin et al., 1998) . It is interesting to note that no evidence of extensional structures related to the Salta Rift nor early Cenozoic deposits has been documented between ~28°S and ~30°S. In general, the magnitude of exhumation in the Sierras Pampeanas appears to be lower than that observed for areas to the north within the Eastern Cordillera and has been associated with processes related to fl at-slab subduction and thick-skinned foreland basin deformation (Coughlin et al., 1998; Carrapa et al., 2006 .
METHODS
Samples were collected from Precambrian to Cambrian crystalline basement rocks along the Laguna Brava and La Quebrada elevation transects (Figs. 1 and 3) for apatite AFT (Table 1) and apatite He (Table 2 ) thermochronology. A set of samples was also collected along an elevation transect in the Nevado de Cachi for AFT analyses. Additionally, apatite He analyses were conducted on four samples of Cambrian metamorphic basement rocks from the Cerro Negro elevation transect at the southern Puna Plateau margin (Fig. 1) . 
Apatite Fission-Track and (U-Th-[Sm])/He Thermochronology
AFT thermochronology provides information on the timing and rates of cooling occurring at temperatures (T ) between ~60 °C and 120 °C, defi ned as the partial annealing zone (PAZ) (Wagner, 1979) . The exact T of the upper (hotter) boundary depends on the kinetic characteristics of the apatites and the cooling rate; the former can be quantifi ed by measuring the diameter of track etch pits, known as D par Gallagher et al., 1998; Ketcham et al., 1999) . Apatite grains with relatively low D par (≤1.75 µm) anneal more rapidly and can be associated with calcian-fl uorapatite composition, whereas apatite grains with relatively high D par (>1.75 µm) tend to anneal more slowly (Donelick et al., 2005; Carlson et al., 1999) . Fission track lengths provide information on the proportion of the cooling history that the sample experienced within the PAZ. Samples were prepared using standard procedures; analytical details are provided in Table 1 . An average of 20 grains for each sample was analyzed (Table 1) . Confi ned track lengths, angle between the confi ned track and the c-crystallographic axis (c-axis projected data), and D par were measured when available (Table 1) . Use of the angular data mitigates trackmeasurement bias (Barbarand et al., 2003 ) and improves annealing model results, because confi ned tracks anneal anisotropically as a function of orientation Ketcham et al., 1999) . All samples passed the χ 2 test (Galbraith, 2005) , indicating that the distribution of fi ssion-track counts is consistent with purely Poissonian variation; in this case, pooled ages, calculated using the Trackkey program (Dunkl, 2002) , are reported in Table 1 . AFT analyses and data reduction were carried out at the University of Wyoming and University of Arizona following procedures described in Tables 1 and 2 .
Inclusion-free apatite grains were selected from the same samples analyzed for AFT as for He analyses. Apatite He thermochronology provides information on the timing and rates of cooling occurring at T between ~40 °C and 80 °C, roughly corresponding to the partial retention zone (Farley, 2002) . U and Th concentrations can affect He diffusion kinetics and therefore apatite He dates, through radiation damage effects (e.g., Shuster et al., 2006; Shuster and Farley, 2009; Flowers et al., 2009; Gautheron et al., 2009 ). Analyses and data reduction (Table 2) were carried out at the University of Kansas using laboratory procedures described in Stockli et al. (2000) and House et al. (2000) and at the University of Arizona using laboratory procedures described in Reiners et al. (2004) and (2007). 
Note:
In gray: samples modeled in Figure 5 . Flowers et al. (2009) 
Age-Elevation Transects
Age-elevation relationships have long been used to constrain timing and rates of exhumation (Fitzgerald et al., 1993) . In this paper, we used a linear regression between AFT ages to calculate average exhumation rates. We are aware of the fact that topography (relief and wavelength) can affect the isotherms and exhumation rates, especially for apatite He thermochronology (Mankte low and Grasemann, 1997; Reiners et al., 2003) . Upward defl ection of the isotherms is especially a problem in tectonic settings characterized by fast exhumation and therefore is less likely to be an issue in the study area, which is characterized instead by relatively slow erosion and semiarid climate .
The new results from this study are described next from north to south. A set of samples was collected along an ~3 km transect in the Nevado de Cachi (Fig. 1) ; unfortunately, only one sample from 6180 m produced acceptable results (Table 1) , whereas the other samples had poor apatite yield and quality. An ~3-km-elevation transect was collected from the Laguna Brava range, west of the town of Cafayate and southwest of the Angastaco basin ( Figs. 1 and 2 ). This range is the northern continuation of the Sierra de Quilmes paleorift fl ank (Sobel and Strecker, 2003; Mortimer et al., 2007) . AFT and apatite He thermochronologic data have been obtained from 11 samples, spatially distributed between 1889 m and 5009 m. Four samples were collected west of the El Cajon Basin at elevations between 4100 m and 3035 m (La Quebrada transect) (Fig. 1) . Additionally, apatite He dating was applied to four samples from the Cerro Negro elevation transect in the Sierras Pampeanas at the southern Puna margin (Fig. 1) , for which AFT ages were already available (Table 1) . Results from ageelevation transects are presented in Figure 4 .
Thermal Modeling of AFT and Apatite He Data
He data were modeled together with AFT data using He diffusion kinetics from Shuster et al. (2006) and the Farley et al. (1996) method for alpha correction. Thermal modeling was performed using HeFTy For all Laguna Brava samples, the model was initiated at a time (t) corresponding to at least double the fi ssion-track pooled age of the considered sample to allow for maximum freedom in modeling random search. A T between 5 °C and 20 °C was considered for the present-day surface; cooling was considered monotonic, and no additional t-T constraints were initially used. Confi ned lengths, necessary to perform thermal modeling, were only available for samples LB5 and LB9. Initial modeling was performed using AFT data only. After at least one best fi t was obtained (Fig. 5) , apatite He single-grain ages were added to the model (see Table 1 for more details). The best solutions out of several iterations are presented in Figure 5 . Only when the selected apatite He ages (Table 2) were combined with AFT data were acceptable results obtained (Table 1) . No fi ts were obtained when other apatite He ages or more than one apatite He age were modeled together with AFT data. In order to obtain acceptable and good fi ts for both samples LB5 and LB9, the following inputs were applied based on independent geological constraints: (1) the sample was at near-surface T or within the PAZ between ca. 90 and ca. 70 Ma following the Salta Rift cooling (e.g., Sobel and Strecker, 2003; Mortimer et al., 2007) ; and (2) heating was imposed between ca. 25 and 0 Ma, which is supported by foreland basin deposition in the area during the Cenozoic (e.g., Deeken et al., 2006; Carrapa et al., 2011b; DeCelles et al., 2011) . We note that no acceptable solutions were obtained if the model did not incorporate this burial-related heating event.
RESULTS

AFT and Apatite He Results from Elevation Transects and Estimates of Exhumation Rates
The sample collected at 6150 m from the top of the Nevado de Cachi yields an AFT age of 28.2 ± 3.6 Ma (Table 1 ). This age is consistent with data from a sample collected at 3700 m that yielded an AFT age of 15.0 ± 1.7 Ma (Table 1 ). The slope of the line connecting the two samples from the Nevado de Cachi indicates a minimum exhumation rate of ~0.2 mm/yr. Note that if exhumation was not steady in time (corresponding to a nonlinear age-elevation relationship resulting in a kink in the slope), this rate would only represent a timeaveraged exhumation rate.
The Laguna Brava age-elevation transect shows AFT ages between 52.9 ± 4.0 Ma and 84.6 ± 6.6 Ma and mean apatite He ages between ca. 9.6 Ma and ca. 45 Ma (Fig. 4) . Although apatite He ages are scattered and generally display >10 m.y. age gaps within single samples (Fig. 4) , their weighted mean generally follows AFT ages. Also, the anomalously old apatite He age (LB11; 1889 m) correlates with anomalously high eU content (Table 1) . The anomalously young age of the highest-elevation sample and the anomalously old age of the lowest-elevation samples suggest the presence of unidentifi ed structures (e.g., reverse faults) disrupting the upper and lower parts of the range (Fig. 4) . Unfortunately, no obvious structures were detected during fi eld work; the fact that such structures would displace low-to mediumgrade metasedimentary rocks makes it diffi cult to identify such structures in the fi eld. The slope of the line connecting the ages of samples from the Laguna Brava range gives an average exhumation rate of 0.04 mm/yr; this rate is lower than that observed in the Nevado de Cachi. Thermal modeling of samples LB5 and LB9 shows coherent results, indicating main cooling in the Cretaceous (ca. 105-75 Ma), followed by a slight heating in the Cenozoic. Four samples collected over a >1-km-elevation change from the La Quebrada age-elevation transect (Fig. 1) give ages ranging between 116 ± 6.1 Ma and 76.1 ± 4.2 Ma (Table 1) and are in good agreement with ages from the Laguna Brava ageelevation transect (Fig. 4 ). An average exhumation rate of 0.05 mm/yr results from the linear regression of the highest sample and the lowest sample AFT ages (Fig. 4) ; this rate is comparable to the average exhumation rate obtained for the Laguna Brava age-elevation transect.
Apatite He ages from the Cerro Negro range in the Sierras Pampeanas at the southern Puna Plateau margin (Fig. 1) are between ca. 14 and ca. 21 Ma (Fig. 3 ) and are consistent with published AFT ages for the same samples ). An average exhumation rate at 0.2 mm/yr results from the linear regression of AFT ages (Fig. 4) .
DISCUSSION
AFT ages from the Laguna Brava and La Quebrada transects are generally Cretaceous and older than ages recorded from other locations within the Eastern Cordillera, such as the Valle de Luracatao (VL), Complejo Oire (CO), and Nevado de Cachi (this study; Pearson et al., 2012) ranges (Figs. 1 and 2 ), which instead show Miocene AFT ages.
The large span of apatite He ages (weighted mean of two or more analyses; Table 1) in the samples from the Laguna Brava range is consistent with a complex thermal history and partial annealing (e.g., Flowers et al., 2007) . The overall older than 50 Ma AFT ages from this range, together with thermal modeling, suggest that these ranges were exhumed in the Cretaceous and experienced relatively low-magnitude cooling and exhumation between ca. 70 and ca. 20 Ma. Possible reheating between ca. 20 and ca. <10 Ma and subsequent late Cenozoic cooling are supported by our modeling results (Fig. 5 ) and are consistent with previous studies from the southern part of the same range (Sobel and Strecker, 2003; Mortimer et al., 2007) .
Modeling results from the Complejo Oire (CO) and Cerro Durazno (CD) ranges (Fig. 1) , which were in a comparable paleostructural position during the Cretaceous (Fig. 3) , similarly show exhumation in the Cretaceous, followed by relatively slow cooling until ca. 20 Ma, followed by heating and subsequent cooling at ca. >10 Ma . Overall, these data sets are consistent with a temperature of up to ~80 °C of the basement rocks in these ranges (Cerro Durazno, Cerro Negro, Sierra de Quilmes; Figs. 1 and 2) owing to burial by foreland basin deposits in the early Miocene, followed by subsequent exhumation related to propagation of the Andean deformation front (e.g., Carrapa et al., 2011a) .
Cenozoic ages from the Nevado de Cachi docu ment high-magnitude exhumation and uplift between ca. 28 Ma (this study) and ca. 15 Ma Pearson et al., 2012) consistent with other ranges in the Eastern Cordillera such as the Valle de Luracatao (VL; Fig. 1 ). These data suggest that the Nevado de Cachi range might have been covered by Cretaceous and early Cenozoic strata and thus resided in a hanging-wall position during rifting (Fig. 3) . Additional support for this interpretation comes from the fact that Cretaceous Pirgua Subgroup deposits are preserved on the western fl ank of the Nevado de Cachi (Hongn and Seggiaro, 2001) , documenting that this area was indeed the site of rift and foreland basin deposition. We note that the Valle de Luracatao samples had been interpreted previously to fall outside the paleorift margin and yet show Cenozoic ages (Fig. 2) . The fact that these samples, despite being located at the paleorift margin (footwall position), record Cenozoic ages and not Cretaceous ages like the Sierra de Quilmes (including the Laguna Brava range) could be explained by a lower magnitude of rift fl ank uplift and thus a greater amount of foreland basin deposition, and subsequent removal, at this location. An alternative explanation is that the Valle de Luracatao (VL) samples did reside in a hanging-wall position during rifting, in which case the original basin-bounding normal fault is not the one just east of the Valle de Luracatao (reactivated as a west-verging reverse fault), but, instead, it lies to the west (dashed green line in Fig. 2 ) . AFT and apatite He ages from the Cerro Negro range in the southern Puna show a different cooling history characterized by rapid cooling and a higher magnitude and younger exhumation at this location compared to surrounding ranges to the east and northeast (Fig. 1) . This is consistent with previously published data suggesting that the southern Puna Plateau margin acquired its present day-topography by ca. 8 Ma, based on the presence of a ca. 14 Ma detrital population in late Miocene sedimentary rocks, interpreted to be derived from the lower part of the Cerro Negro age-elevation transect (ca. 14 Ma). As the lower part of this range was exposed by ca. 8 Ma, shedding material into the basin, the overlying crustal column was also exposed by then, resulting in ~2 km of paleorelief, similar to the present-day relief . It is important to note that the area near the Cerro Negro range and Fiambalá Basin (Fig. 1) does not show evidence of Cretaceous Salta Rift deposits, suggesting that the rift margin was located north of ~28°S at that time, in agreement with the paleorift reconstruction presented by Starck (2011) . This also suggests that the Cenozoic ages from the Cerro Negro are not related to differential exhumation related to rift paleostructures but rather are related to the attainment of high relief at the southern Puna Plateau margin coupled with Sierras Pampeanas deformation associated with fl at-slab subduction (Dávila and Astini, 2007; .
CONCLUSIONS
Our data show that Cretaceous cooling ages are confi ned to paleorift footwall positions, which were likely topographic highs during the Cretaceous (e.g., Sierra de Quilmes, La Quebrada, Laguna Brava; Fig. 1 ), whereas Cenozoic cooling ages are preferentially preserved in samples that were located in paleorift hanging-wall positions (Fig. 3) . This age distribution indicates that paleorift hanging-wall rocks were more deeply exhumed during Cenozoic shortening and normal fault inversion than paleorift footwall rocks. We note that although ranges such as the Sierra de Quilmes show possible foreland basin burial in the Cenozoic, the magnitude of Cenozoic exhumation is less than that observed in samples that were located within deep Cretaceous and Cenozoic depocenters, such as the present-day Calchaqui Valley (Figs. 2 and 3 ). This is supported by the fact that ranges such as Complejo Oire (CO), Valle de Luracatao (VL), and Nevado de Cachi show Cenozoic ages (Pearson et al., 2012 ; this study), whereas ranges such as the Sierra de Quilmes (Sobel and Strecker, 2003; Mortimer et al., 2007; Löbens et al., 2013) , Cerro Durazno, and Laguna Brava retain Cretaceous ages documenting an older and lower magnitude of exhumation. These data are consistent with the presence of an early to mid-Cenozoic regional foreland basin that covered the area (Carrapa et al., 2011b; DeCelles et al., 2011) and was later disrupted and uplifted by eastward propagation of deformation in the late Cenozoic (Carrapa et al., 2011a) .
Overall, we interpret Cretaceous ages to result from exhumation related to paleo-rift-fl ank uplift during extension in the Cretaceous Salta Rift and suggest a fi rst-order control of inherited structures and resulting paleotopography on the magnitude of sediment burial, exhumation, and thus on the distribution of cooling ages. Areas of thick Cretaceous deposition in hanging-wall depocenters ( Figs. 2 and 3 ; Carrera et al., 2006) were also sites of Cenozoic foreland depocenters and record Cenozoic apatite He ages consistent with eastward migration of deformation and exhumation. Areas of Cretaceous rift-related topographic relief (footwall uplift), such as the Sierra de Quilmes (Figs. 1 and 2) , record a lower magnitude of Cenozoic exhumation consistent with no rift basin coverage and perhaps only relatively thin foreland basin strata coverage and subsequent removal (Fig. 4) . Our data also suggest control exerted by lithologic erodibility on the magnitude of exhumation. For example, rift fl anks stripped of their sedimentary covers in the Cretaceous left behind crystalline basement that is more resistant to erosion than sedimentary rocks. Therefore, when the Cenozoic deformation front reached the area previously affected by the Salta Rift, these basement blocks, perhaps only thinly covered by foreland deposits (e.g., La Quebrada; Fig. 3 ), were less affected by erosion than the surrounding basins. The combination of low-temperature thermochronology, thermal modeling, and other geological evidence suggests that the thermal history in this region is strongly controlled by rift paleostructures, related paleotopography, and lithologic erodibility.
